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Earth-Abundant Cu,ZnSn(S,Se),4
(CZTSSe) Solar Cells
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2.1 Introduction

Current benchmark thin film solar cell (TFSC) technologies based on polycrys-
talline Culn,Ga;_,S(Se), (CIGS) and CdTe absorber materials have reached record
efficiencies of 20.8 and 19.6 % for laboratory-scale devices and have already
reached the commercial production stage [1]. However, these thin film photovoltaic
(PV) technologies suffer from serious issues of toxicity, skyrocketing material cost,
and/or low abundance of raw materials, which are predicted to severely limit the
production, mass deployment, and economic sustainability of these solar cells
[2-9]. Indium (In), gallium (Ga), and tellurium (Te) supply have been categorized
as “critical” by the US Department of Energy (DOE) and the European Commission
(EC) [10, 11]. Particularly, In supply for CIGS production could be stringent as
more than 80 % of In produced worldwide is consumed by the flat panel display
(FPD) industry and with ever-increasing demand of such displays, sustainability
and economic viability of CIGS PV technology could be in great danger in
upcoming years [12]. Also, due to the environmental health concerns, use of toxic
cadmium (Cd) hinders the mass production and deployment of CdTe solar cells
[13]. Thus, an intense research effort has been triggered to develop alternative
thin film solar absorber materials comprising of earth-abundant, low-cost, and
non-toxic elements which can yield high-efficiency devices, be economically
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competitive with the conventional energy sources, and support terawatt (TW)-scale
PV generation in the near future.

Copper (Cu)-based L,-II-IV-VI, quaternary kesterite compounds—Cu,ZnSnS,
(CZTS), CuyZnSnSe, (CZTSe), and mixed chalcogenide Cu,ZnSn(S,Sei—.)4
(CZTSSe) have emerged as the potential alternative to the existing CIGS and CdTe
absorbers in thin film solar cells. CZTS(Se) is an attractive choice for thin film solar
cell absorber material owing to its tunable direct bandgap of 1.0-1.5 eV with a large
optical absorption coefficient (>10* cm™") and p-type conductivity [14—19]. The
constituent elements of CZTS(Se) are earth abundant, inexpensive, and environ-
mentally benign. The reserve of Cu, Zn, Sn, and sulfur on earth’s crust is 68 ppm,
79 ppm, 2.2 ppm, and 420 ppm, respectively, compared to 0.16 ppm of In,
0.15 ppm of Cd, and 0.001 ppm of Te [20].

The availability of Zn and Sn is about 500 and 14 times higher, and the annual
global production is 20 times and 340 times more compared to the scarce and
expensive In [21]. Also, the Zn price is nearly two orders and Sn price is one order
of magnitude less than indium, while the In price is sharply rising [21, 22].
Abundance and recent cost of the constituent elements for CZTS(Se), CIGS, and
CdTe compounds are illustrated in Fig. 2.1.

Calculations according to the Shockley—Queisser photon balance have estimated
the theoretical conversion efficiency of single-junction CZTS(Se) solar cells to be as
high as 32.2 % [23]. In light of the above-mentioned advantages, CZTS(Se) shows
extreme promise to be the ideal thin film solar cell material for low-cost, sustain-
able, high-efficiency, and environment-friendly PV technology.

Significant developments have been made on CZTS(Se)-based thin film pho-
tovoltaic solar cells in the past few years, reporting solar cell with ~11 % effi-
ciency [24]. However, CZTS(Se) PV technology is currently in its amateur state
and requires extensive research to become marketable in the near future. This
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Fig. 2.1 Abundance on earth’s crust and cost of constituent elements for CIGS, CdTe, and CZTS
(Se) absorber materials for thin film solar cells
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chapter presents an overview of the various techniques employed to prepare CZTS
(Se) absorber material, physical properties of the material, defect physics, and
photovoltaic performances of selected high-efficiency solar cells achieved following
different absorber preparation routes.

2.2 Crystal Structure

Cu,ZnSn(S,Se), belongs to the I,-II-IV-VI, quaternary material system with
similar structure to that of ternary chalcopyrite material CulnSe, (space group 142d)
(Fig. 2.2a), in which one half of In atoms (group III) are replaced by Zn (group II)
and other half by Sn atoms (group IV). Cu,ZnSn(S,Se), crystallizes in two primary
crystalline structures known as kesterite (space group 14) and stannite (space group
142m) [25-28]. These two crystal structures are very similar; both have cations
located at tetrahedral sites but differ in the stacking arrangement of Cu and Zn
atoms along the c-axis [26-31]. The crystal structure and atomic arrangements for
the kesterite and stannite structures are illustrated in Fig. 2.2b and c, respectively.
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In kesterite structure, the cationic layers along the c-axis are arranged in the Cu—
Sn, Cu—Zn, Cu-Sn, and Cu—Zn fashion. One Cu atom is located at 2a position; Zn
atom and the other Cu atom are located at 2d and 2c¢ positions, respectively, with
corresponding Madelung potentials of —15.04, —21.88, and —15.21 V. In stannite
structure, a periodic arrangement of Zn—Sn cationic layer sandwiched in between
Cu—Cu layers is repeated, where both Cu atoms are located at 4d position and the
Zn atom at 2a position with Madelung potentials of —15.30 and —21.62 V,
respectively. Sn atom site is located at 2b position in both structures [32, 33].
Theoretical studies have predicted that the kesterite phase has slightly lower energy
compared to the stannite phase and therefore should be thermodynamically more
stable than stannite counterpart [33—40]. As predicted theoretically, most of CZTS
samples have been reported to have kesterite structure.

Due to the similar structural properties and isoelectronic nature of Cu* and Zn**,
it is very difficult to distinguish between the kesterite and stannite phases experi-
mentally by X-ray diffraction. Recently, neutron diffraction [31] and anomalous
diffusion [41] studies confirmed that Cu,ZnSn(S,Se), compounds crystallize in
kesterite structure and are dominant at temperature <876 °C. It is suggested that
observations of stannite structure for Cu,ZnSn(S,Se), compounds were due to the
existence of partial disorders of Cu and Zn sites in the I-II (001) layer of the
kesterite phase [31, 42, 43]. This disorder could be due to the formation of both
kesterite and stannite phases during crystallization process since there is only a
negligible difference in the lattice parameters and the total energy.

2.3 Solar Cell Structure

The well-studied CIGS thin film solar cell structure is usually inherited for
CZTS-based devices. The schematic structure of a typical CZTS solar cell is shown
in Fig. 2.3a, and a corresponding cross-sectional SEM image showing the device
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Fig. 2.3 a Schematic device structure of a typical CZTSSe thin film solar cell, b cross-sectional
SEM image showing all layers of the device [17]
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structure is presented in Fig. 2.3b. Sputtered bilayer molybdenum (Mo) film with a
thickness of ~0.5-1.0 pm deposited on soda-lime glass (SLG) substrate is used as
the standard back contact. The p-type CZTS absorber layer with thickness ranging
from ~0.6 to 2.0 um is grown on the Mo film. A thin n-type CdS layer of 50—
100 nm thickness is deposited on the p-CZTS film, usually by chemical bath
deposition to fabricate the heterojunction. Subsequently, the device structure is
completed by deposition of a 50-90-nm high-resistive intrinsic ZnO (i-ZnO) buffer
layer followed by the deposition of a transparent conducting oxide (TCO) layer as
the front contact. Typically, 0.5-1.0 um thick Al-doped n-type ZnO (Al-ZnO) or
indium tin oxide (ITO) is used as the TCO. Finally, Ni/Al grid lines are deposited
on the TCO layer for improved current collection. The typical device configuration
of a CZTS-based solar cell is as follows: SLG/Mo/CZTS/CdS/i-ZnO/Al:ZnO/Al/Ni.
In order to reduce the loss of reflection, MgF, antireflection coating is often
deposited on top of the cell to capture the incident light more efficiently.

2.4 Composition and Phase Diagram

It is extremely challenging to grow pure single-phase kesterite Cu,ZnSnS(Se),.
CZTS(Se) can be grown via solid-state chemical reactions between Cu,S, ZnS, and
SnS, (or Cu,Se, ZnSe, and SnSe,). Due to the complexity of the quaternary
material system, several binary and ternary sulfides (or selenides) including Zn,S
(Se), Cu,S(Se), Sn,S(Se), and Cu,SnS(Se),, phases can easily form during the CZTS
(Se) film growth which may adversely affect the photovoltaic performance of the
resulting device. The ternary phase diagram of the Cu,S—ZnS-SnS, (or Cu,Se—
ZnSe-SnSe,) system exhibits very narrow region of stability for single-phase ke-
sterite CZTS(Se) crystals (Fig. 2.4) [44-47]. Kesterite structure is highly sensitive
to composition compared to the chalcopyrite structure [48-51]. Only 1-2 %
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Fig. 2.4 Phase diagrams of a Cu,S-ZnS-SnS, [44] and b Cu,Se-ZnSe-SnSe, pseudo-ternary
systems at 670 K [45]
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deviation from the ideal stoichiometric composition is allowed compared to ~4 %
deviation in chalcopyrites [52]. Also, the stability region of Cu,ZnSnS, for Cu-rich
condition in the chemical potential ug,—z, diagram is about 0.1 eV wide stability
region [48, 49, 53] compared to the 0.5 eV wide stability region for CulnSe, [54].
Based on ab initio calculations and experimental results, it is considered that
single-phase kesterite is far more difficult to prepare compared to chalcopyrites.

So far, high-efficiency CZTS-based solar cells were found to have slightly
Cu-poor and Zn-rich composition in general. It is observed that irrespective of the
deposition technique or absorber preparation method, the best solar cells were
obtained around a composition ratio of ~0.8-0.9 for Cu/(Zn + Sn) and ~1.1-1.2
for Zn/Sn. From selected published literature data, an efficiency map is generated
against the Cu/(Zn + Sn) and Zn/Sn ratios as shown in Fig. 2.5a. Experimental data
plotted in the ternary phase diagram as shown in Fig. 2.5b provides a clear idea of
the confined composition space to realize high-efficiency CZTS-based solar cells. It
is observed that the stoichiometric CZTS(Se) devices were limited to only ~5 %
efficiency range, suggesting that Zn-rich composition is favorable.

During the absorber layer fabrication process, secondary phases such as ZnS(Se)
and Cu,SnS(Se); may form in the Zn-rich regime. Nagoya et al. [48] and Maeda
et al. [55] have theoretically predicted ZnS to be the predominant impurity phase
under the Cu-poor and Zn-rich growth condition with Cug, antisite being the most
stable defect in the entire stability region of CZTS [53].

Existence of the ZnSe secondary phase in Cu,ZnSnSe, films has been experi-
mentally confirmed [56, 57]. ZnS(Se) has a wider bandgap and is usually less
conductive and therefore is not considered to be responsible for reduced
open-circuit voltage or reduced shunt resistance, but can lead to high series resis-
tance of the solar cell [30, 56]. Other secondary phases such as SnS(Se),, CuS(Se),,
or Cu-Sn sulfide(selenide) are considered to be more detrimental because of their
lower bandgap and high conductivity, which can significantly reduce the
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Fig. 2.5 a Efficiency map for CZTS-based solar cells plotted against Cu/(Zn + Sn) and Zn/Sn
composition ratios and b solar cell efficiencies plotted in the ternary phase diagram
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open-circuit voltage and decrease the shunt resistance leading to much inferior
photovoltaic performance of the cell [42].

2.5 Etching

Surface preparation of semiconductors is important to achieve improved junction
properties, reducing the recombination at the interface. For CZTS absorbers, KCN
etching has been regularly performed to remove Cu,_,S phases from the surface,
improving the device performance. Influence of KCN etching on the chemical and
electronic structure of CZTS films has been studied by Bér et al. [58]. It was
observed that KCN preferentially etches Cu and some amount of Sn, changing the
surface composition of CZTS films and widening the surface bandgap from 1.53 to
1.91 eV. However, air voids are often formed after the etching.

Katagiri et al. [59] have introduced a simple and non-hazardous etching process
by soaking the absorber film in DI water. The CZTS/CdS heterojunction was
fabricated after 10-min DI water soaking of the absorber, resulting in improved
efficiency. The authors concluded that metal oxide particles on the absorber surface
were removed in this process. Electron probe micro analysis (EPMA) showed that
oxygen concentration on the film surface was significantly reduced as a result of the
DI water soaking (Fig. 2.6).

Timmo et al. [60] studied the effect of different etching agents on Cu,ZnSn(S,
Se), monograins including HCl, KCN, NH,OH, and Br-methanol. They observed
that HCI could effectively etch Sn and Se, KCN has a preferential etching effect on
Cu, Sn, and chalcogens, whereas NH4,OH preferentially etched copper and chalc-
ogens. A tin-rich CZTS surface was obtained by Br-methanol etching.

Fairbrother et al. [61] showed that HCI etching drastically enhanced the device
efficiency almost twofold compared to a device without any etching. The process
was less hazardous and more effective than KCN etching. Experiments were carried
out on CZTS films with Cu-poor and Zn-rich composition, which typically show

(a) (b)

Fig. 2.6 Oxygen distribution (bright points) on CZTS surface: a before DI water soaking and
b after 4 h DI water soaking [59]
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Fig. 2.7 J-V characteristics of the solar cells prepared using HCl-etched, KCN-etched, and
without etched CZTS absorber layers [61]

superior photovoltaic performance. The authors suggested that HCIl preferentially
removes the Zn-rich secondary phases formed on the film surface leading to low
series resistance, improved fill factor, and enhanced conversion efficiency. A device
efficiency of 5.2 % was achieved with HCI etching compared to 3.3 and 2.7 % for
KCN and unetched samples, respectively (Fig. 2.7).

2.6 Defects

Defects play an important role in the resulting optoelectronic properties of semi-
conductor materials. There are thirteen possible isolated intrinsic point defects in
kesterite structure that may form during the CZTS(Se) thin film/bulk crystal growth
including vacancies (Vcy, Vzn, Vsn, and Vg), antisites (Cug,, Zncy, Cus,, Sncy,
Zng,, and Snz,), and interstitial defects (Cu;, Zn;, and Sn;). Existence of point
defects and deviation from the ideal stoichiometry lead to the self-doping and
intrinsic p-type conductivity of CZTS(Se).

Several theoretical defect studies based on density functional theory (DFT)/
first-principle calculations have been employed to investigate the defect mechanism
and formation energies of different possible point defects in kesterites [48, 49, 51,
53, 55, 62-64]. Chen and co-workers have thoroughly studied the defect charac-
teristics of CZTS(Se) [38, 53, 65, 66]. The polyhedron for the stable region of
CZTS and CZTSe in the (pucy—Mzn—MHsn) three-dimensional space with
Ucw = —0.2 eV is shown in Fig. 2.8 [65], and the calculated defect formation
energies of various isolated point defects (vacancies, antisites, and interstitials) as a
function of Fermi energy at the chemical potential point P of the polyhedron is
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Fig. 2.9 Change of defect formation energies in Cu,ZnSnS, (leff) and Cu,ZnSnSe, (right) as a
function of the Fermi energy at the chemical potential point P (see Fig. 2.8). For the same Fermi
energy, only the most stable charge state is plotted, and the charge state changes at the circles
(open for acceptors and filled for donors), which show the transition energy levels [65]

represented in Fig. 2.9. Out of the possible 13 point defects mentioned above, the
lowest five formation energies in ascending order correspond to Cuy,, Vcy, Zngy,
V2., and Cug,, respectively, for Cu-poor kesterite as represented in Fig. 2.9.

All investigations converge to the general agreement that the acceptor defects
such as Cug, or Cug, antisites and the Cu vacancy (V¢,) have lower energy of
formation with the lowest formation energy for Cuy, antisite defect (Fig. 2.9). The
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donor defects such as the S vacancy (Vg) and the Znc, antisite have much higher
energy of formation. Such low formation energies of the acceptor defect levels,
particularly Cug, antisite, suggest the favorable formation of acceptors and are
generally attributed to the evolution of p-type characteristics of Cu,ZnSnS, [67-75]
and Cu,ZnSnSe, [76-79]. This explains why CZTS(Se) has always been reported
to be of p-type regardless of the deposition method, and CZTS(Se) films for
high-efficiency solar cells have shown Cu-poor and Zn-rich stoichiometry.

The Cug, acceptor level is predicted to lie about 0.1 eV above the valence band
maximum (VBM) compared to the shallower acceptor V¢, at ~0.02 eV above the
VBM [53]. It is suggested that Cu vacancy (V) is preferred than the Cuy, antisite
for high-performance solar cells, since Cuy, antisite produces deeper acceptor level
than that of the V¢, [53]. The Cug, antisite energy level lying near the mid-gap
(~0.6 eV above the VBM) is predicted to be the most active deep recombination
center for the charge carriers [53, 80].

The Cugy, substitution occurs at the 2d site, and Znc, substitutions occur at the 2¢
site [81, 82]. The existence of charge-compensated electrically neutral defect
complexes such as [Cugz,” + ZnCqu]0 and [Ve, ™ + chﬁ]o are also predicted for
Cu-rich, Zn-poor and Cu-poor, Zn-rich CZTS, respectively [49]. However, such
electrically benign defect pairs are believed to help in screening and electronic
passivation of the deep levels, thus reducing the charge carrier recombination
resulting in improved device performance [48, 53, 55].

In addition, two deep defect levels corresponding to activation energies of
0.12 and 0.167 eV have been experimentally identified via admittance spectroscopy
of monograin CZTS solar cells which were attributed to Cug, deep acceptor level
and to interface states, respectively [83].

2.7 Deposition Techniques

Several physical and chemical deposition methods have been investigated for the
fabrication of CZTS(Se) thin film absorber layer including thermal evaporation,
electron beam evaporation, atom beam sputtering, RF/DC magnetron sputtering,
hybrid sputtering, pulsed laser deposition (PLD), electrochemical deposition,
solution-processed, nanoparticle-based synthesis, sol-gel spin coating, spray
pyrolysis, chemical bath deposition (CBD), open-atmosphere chemical vapor
deposition (OACVD), successive ion layer adsorption and reaction (SILAR), and
screen printing. The main driving force for exploring different deposition methods
is to develop a suitable absorber preparation technique to realize commercially
viable low-cost and high-efficiency CZTS(Se) thin film solar cells. Such deposition
techniques can be broadly classified as vacuum-based and non-vacuum deposition
methods. The vacuum-based techniques are categorized as the methods requiring
sophisticated instrumentation for deposition of precursor materials or absorber film
fabrication under high vacuum. All physical vapor deposition (PVD) techniques—
thermal evaporation, e-beam evaporation, atom beam sputtering, RF/DC magnetron
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sputtering, hybrid sputtering, and pulsed laser deposition (PLD) fall into this cat-
egory. On the other hand, the non-vacuum absorber deposition techniques promise
high-throughput roll-to-roll production opportunity at reduced cost. Deposition
techniques such as electrochemical deposition, solution processing,
nanoparticle-based synthesis, sol—gel spin coating, spray pyrolysis, chemical bath
deposition (CBD), open-atmosphere chemical vapor deposition (OACVD), suc-
cessive ion layer adsorption and reaction (SILAR), and screen printing are classified
as non-vacuum deposition methods.

Efficiency of the CZTS(Se)-based thin film solar cells has been improved sig-
nificantly over the past decade since the first report by Katagiri et al. in 1997 [73].
The evolution of efficiency using different deposition techniques is illustrated in
Fig. 2.10. All types of deposition methods have realized noticeable improvement
over the years. Details of the deposition methods and corresponding solar cell
device characteristics are summarized in Table 2.1.

So far, the best photovoltaic performance has been achieved by Se-enriched CZTS
absorber layer (CZTSSe) deposited using a non-vacuum solution-processed technique
developed by IBM. A solar cell efficiency of 11.1 % was reported for CZTSSe-based
device [24]. Only sulfur-containing (Se free) CZTS solar cell has reached an efficiency
of 8.4 %, and only Se-containing CZTSe solar cell has been reported with an effi-
ciency of 9.15 %, respectively, employing vacuum-based evaporation technique [14,
84]. The efficiencies > 3 %, achieved by different vacuum and non-vacuum methods
for CZTS, CZTSe, and CZTSSe absorbers, are depicted in Fig. 2.11.

2.7.1 Vacuum-Based Deposition Methods

Vacuum-based absorber layer fabrication techniques can be subclassified into
one-step or two-step processes. Unlike CIGS, the vacuum-based CZTS(Se)
absorber layer fabrication technique had been exclusively the two-step process. In a
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Fig. 2.11 Best =T
photoconversion efficiencies
achieved via different vacuum
and non-vacuum deposition
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two-step process, the first step involves the deposition of constituent elements of
CZTS(Se) compound onto a substrate by deposition of pure elemental metals
(Cu/Zn/Sn) or a combination of elemental and binary chalcogenides (such as
Cu/ZnS/SnS). They can be either deposited in a stacked layer fashion or
co-deposited together to achieve the desired composition in the final film. In the
second step, the CZTS(Se) film growth and incorporation of balance chalcogen
atoms (S/Se) are achieved by an atmospheric thermal processing of the substrate
under S/Se vapor or H,S(Se) gas flow. Recently, a one-step absorber layer fabri-
cation process had been reported for CZTSe solar cell, where the deposition and
film growth were achieved in a single step by controlled evaporation of all con-
stituent elements (Cu, Zn, Sn, and Se) inside the vacuum chamber under elevated
substrate temperature yielding 9.15 % champion cell [14]. The one-step process can
be considered superior compared to the two-step process from commercial point of
view, as it eliminates the hazardous thermal processing step, reducing the time and
cost of fabrication. This section will review the various vacuum-based deposition
techniques employed to prepare CZTS(Se) solar cells and the notable results
reported in the literature.

2.7.1.1 Evaporation

Evaporation is a well-established technique for the fabrication and development of
thin film solar cells. Various types of evaporation technologies such as electron beam
evaporation, thermal evaporation including co-evaporation, and fast evaporation have
been investigated to fabricate CZTS(Se) absorber layer [14, 17, 73, 74, 84-97].
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In 1997, the first photovoltaic performance of a CZTS-based thin film solar cell was
reported by Katagiri et al. with an open-circuit voltage (Vo) of 400 mV, short-circuit
current density (Jsc) of 6 mA/cm?, and a photoconversion efficiency of 0.66 % [73].
The absorber layer was fabricated by sequential deposition of Zn/Sn/Cu elemental
stacked precursor layers on Mo-coated soda-lime glass (SLG) substrate by electron
beam evaporation at 150 °C substrate temperature followed by sulfurization of the
precursor layers under N, + H,S (5 %) flow at 500 °C for 1-3 h. The heterojunction
was formed by the deposition of n-CdS window layer on the p-type CZTS film. Since
then, evaporation technique has been intensively used in the development of CZTS
(Se) solar cells.

The same year, Friedlmeier et al. [88] reported CZTS solar cell with 2.3 %
efficiency, fabricated by thermal evaporation of elemental metals and binary
chalcogenides under high vacuum. Later, in 2001, Katagiri et al. [74] further
improved the efficiency by replacing the elemental Zn with ZnS in the precursor
layer and subsequent sulfurization at an increased temperature of 550 °C under H,S
flow for 1 h. The substrate temperature was also elevated up to 400 °C during the
precursor layer deposition. Absorbers with different thicknesses from 0.95 to
1.63 pm were fabricated to study the effect on the photovoltaic response of the
resulting devices. XRD peaks corresponding to (112), (200), (220/204), and
(312/116) planes with a preferential orientation along [112] were observed and
attributed to the kesterite structure. Film compositions were found slightly Cu-poor
and Zn-rich with an optical absorption coefficient >10* cm™' and a bandgap of
1.45 eV for the best performing cell. A significant decrease of the short-circuit
current density and fill factor were observed with increasing thickness of the CZTS
active layer, leading to drastically reduced efficiency. The best solar cell with
Al/ZnO:Al/CdS/CZTS/Mo-SLG device configuration showed a photoconversion
efficiency of 2.62 % [74]. By optimization of the sulfurization process and the
device structure, the same group of researchers developed a device with 5.45 %
efficiency in 2003 with a reported Voc =582 mV, Jgc = 15.5 mA/cm?, and 60 % fill
factor [89].

Large dependence of Cu/(In + Ga) ratio on the optoelectronic properties of CIGS
thin film motivated the investigation of such dependence in CZTS solar cells by
varying the Cu/(Zn + Sn) ratio [98]. Kobayashi et al. [86] studied the effect of Cu/
(Zn + Sn) and the sulfurization temperature on the resulting film properties prepared
via e-beam evaporation. CZTS absorbers were prepared with the varying Cu/
(Zn + Sn) ratio ranging from 0.49 to 1.18 in the final film, and the sulfurization
temperature was varied from 510 to 550 °C. The best photovoltaic performance was
obtained for the CZTS film sulfurized at 520 °C with measured elemental ratios of
Cu/(Zn + Sn) = 0.85, Zn/Sn = 1.03, and S/metal = 1.18. The best solar cell
exhibited an efficiency of 4.53 % with Voc = 629 mV, Jgc = 12.53 mA/cm?, and
FF = 58 %. Araki et al. [85] studied the influence of different stacking orders of
elemental Zn, Sn, and Cu in the precursor layer on the film properties. Stacked
precursor layers with six possible sequences were fabricated by e-beam evaporation
on Mo-coated borosilicate glass and subsequently sulfurized at 560 °C for 2 h under
the flow of elemental sulfur vapor to form CZTS films. Surface morphology,
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composition, and electronic properties of the resulting films were found to be highly
dependent on the precursor layer stacking order. The best cell was obtained for the
precursor with a Mo/Zn/Cu/Sn stacking configuration yielding a photoconversion
efficiency of 1.79 %. It was observed that considerably higher efficiency is achieved
for the films with Cu and Sn layers placed adjacent to each other.

Wang et al. developed a simple two-step method where film processing time was
significantly reduced to few minutes compared to the previous reports of H,S
processing requiring hours of annealing. They prepared high-quality PV-grade
CZTS films by thermal co-evaporation of constituent elements on Mo/SLG sub-
strates held at 110 °C followed by a hot-plate annealing for 5 min at 540 °C under
sulfur vapor [17]. Absorber layers with different thicknesses ranging from 0.65 to
1.2 um were fabricated. Raman spectra showed the CZTS characteristic peaks
corresponding to 287, 338, and 368 cm™ ' without the presence of any secondary
phases. Similar to the observation made by Katagiri et al. [74], a significant
reduction in efficiency was observed with increasing absorber thickness mainly due
to degraded fill factor. The completed device had a configuration of SLG/700 nm
Mo/CZTS absorber/70 nm CdS/80 nm i-ZnO/460 nm Al:ZnO or 180 nm ITO/Ni—
Al metal fingers. A 105 nm MgF, antireflection coating was applied on top of the
cell. The champion device (device D in Fig. 2.12a) showed a photoconversion
efficiency of 6.8 % (Voc = 587 mV, Jgc = 17.8 mA/cm?, and FF = 65 %) with an
absorber layer thickness of 0.65 um. The J-V characteristics of the cells with
different absorber layer thickness are presented in Fig. 2.12a.

The device performance was limited by high series resistance (Rs). A strong
temperature dependence of Rg indicated the existence of a back-contact blocking
layer (Schottky barrier) at the Mo/CZTS interface, suppressing the hole transport
from the absorber to the Mo back contact. A barrier height of 0.32 eV for the
blocking back contact was estimated from temperature-dependent measurement of
the series resistance, and an activation energy of 1.05 eV corresponding to the
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Fig. 2.12 a J-V curves of solar cells with different CZTS absorber thickness. The dark J-V and
the pseudo J-V correspond to device C, b open-circuit voltage (Voc) versus temperature plot of
device C. A hypothetical band diagram showing the dominant recombination pathway at the CdS
buffer/CZTS absorber interface and presence of a blocking back contact [17]
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dominant recombination loss was extracted from the temperature-dependent Vo
measurement. A hypothetical band diagram was proposed based on these mea-
surements, and the authors suggested that the subbandgap activation energy cor-
responds to the interfacial recombination at the CdS/CZTS interface, leading to
lower open-circuit voltage (Fig. 2.12b).

Following the same procedure developed by Wang et al. [17], an 8.4 % efficient
CZTS solar cell was reported by Shin et al. [84]. CZTS films were fabricated by
thermal co-evaporation of constituent elements and 5 min atmospheric annealing at
570 °C. The device structure was as follows: Mo-coated SLG/~ 600 nm CZTS/90—
100 nm CdS/80 nm i-ZnO/450 nm Al:ZnO/Ni-Al metal fingers/100 nm MgF,.
A bimodal grain size distribution was observed with larger grains comparable to the
film thickness in the bulk of the film and much smaller grains at the immediate
vicinity of the Mo back contact (Fig. 2.13a). The EDX line scan data perpendicular
to the substrate (shown by the red arrow in Fig. 2.13a) revealed that the smaller
grains correspond to an interfacial ZnS layer near the Mo back contact, whereas the
larger grains in the bulk of the film are CZTS compound (Fig. 2.13b).

A depletion layer width of 180 nm and minority carrier diffusion length larger
than 350 nm was estimated from time-resolved photoluminescence (TRPL) mea-
surements and drive-level capacitance measurements. The champion cell exhibited
Voc = 661 mV, Jsc = 19.5 mA/cm?, and a fill factor of 65.8 % (Fig. 2.14).

Loss of Sn under high vacuum during the annealing process for the Cu—Zn—Sn—
S, Cu-Sn-S, and Sn-S material systems was investigated by Weber et al. [90].
Experimental results showed that Sn loss occurs in these systems as volatile SnS
above 350 °C at a pressure of 1 x 1072 Pa and the rate of Sn loss is increased
significantly at temperatures above 550 °C. Decomposition of ternary Cu,SnS; and
CuySnS, and quaternary Cu,ZnSnS, phases leaves Cu,S and ZnS solid phases in
the annealed films. They suggested the decomposition reaction to take place fol-
lowing the reaction paths as summarized in (2.1)—(2.3). The authors suggested
CZTS film processing at temperatures less than 550 °C under an inert gas ambient
to minimize high degree of Sn loss and decomposition of CZTS.
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Fig. 2.13 a Bright-field cross-sectional TEM image of the champion CZTS device (Se free) and
b EDX line scan along the red arrow in Fig. 2.13a showing the elemental profile [84]
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Fig. 2.14 J-V characteristics 10
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Redinger et al. addressed this issue by introducing extra Sn along with excess
sulfur during the annealing process [91]. They prepared the CZTSe films by
co-evaporation of Cu, Zn, Sn, and Se under high vacuum followed by annealing at
560 °C for 2 h under elemental S vapor. A dramatic increase of the device efficiency
from 0.02 to 5.4 % was achieved with the addition of Sn in the annealing chamber.
It was suggested that Sn in the presence of excess sulfur forms SnS during
high-temperature processing of CZTS films and the partial pressure of volatile SnS
creates a dynamic equilibrium with its solid-state counterpart in the film, resulting
in suppression of Sn loss in the form of SnS from the CZTS precursor layer. The
authors modified the proposed decomposition reaction path suggested by Weber
et al. [90] to a reversible reaction mechanism under the improved annealing con-
ditions in the presence of excess Sn.

In 2006, Tanaka et al. [92] reported on the growth of CZTS film by
co-evaporation of elemental Cu, Zn, Sn, and sulfur simultaneously deposited for 3 h
on quartz substrates held at 400-600 °C. Notably, this was the first report on the
one-step film fabrication approach, although no photovoltaic performance was
investigated. All films showed p-type conductivity with a strong preferred orien-
tation along [112] plane. The grain sizes increased with increasing substrate tem-
perature, and large columnar grains were reported to form at 550 °C. Later, in 2008,
Oishi et al. adopted the similar approach to grow CZTS thin films on (110) Si
wafers by one-step co-evaporation technique [93]. Films were fabricated by
simultaneous deposition of Cu, ZnS, Sn, and sulfur for 3 h at substrate temperatures
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from 430 to 500 °C. All films showed slightly Cu-rich and highly Zn-rich stoi-
chiometry. XRD pattern revealed that the (112) peak intensity is decreased and
(004)/(200) peak intensity is increased for the films grown at elevated temperature,
suggesting a temperature-induced orientational growth at higher temperatures.
Tanaka et al. [94] studied the influence of Cu/(Zn + Sn) on the physical properties
of CZTS thin films prepared by one-step co-evaporation technique. CZTS films
were grown by multisource evaporation of the constituent elements at 550 °C
substrate temperature for 2 h. Cu/(Zn + Sn) ratio was varied from 0.82 to 1.06
keeping the constant Zn/Sn ratio at 1.1, and in a second set, Cu/(Zn + Sn) was
varied from 0.82 to 1.28 with a constant Zn/Sn ratio of 0.95, while S/metal ratio
was kept constant at 0.93 for all films. Structural, morphological, and electrical
characteristics of the films were correlated with the film compositions. For Zn-rich
films, the resistivities of the films were found to be highly dependent on the Cu/
(Zn + Sn) ratio, but Sn-rich films did not show such dependency. An increase of the
(112) peak intensity and a narrower FWHM in the X-ray diffraction pattern with
increasing Cu/(Zn + Sn) ratio suggested an improved crystallinity which was
supported by the larger grains evidenced in SEM micrographs. This important
observation suggested that growth of high-quality larger grain CZTS film can be
promoted by a Cu-rich growth condition similar to the benchmark CIGS films
obtained by multistage evaporation, where the deposition process begins with
Cu-rich condition and is controlled to terminate with a Cu-poor stoichiometry.

A fast (16 min) co-evaporation technique was introduced by Schubert et al. to
fabricate CZTS absorber in one-step process [87]. Cu, ZnS, Sn, and sulfur were
co-evaporated on Mo-coated SLG substrates held at 550 °C under constant sulfur
partial pressure of 2-3 x 10> Pa. Due to the formation of a secondary Cu$S phase as
evidenced from X-ray diffraction pattern, the as-grown films were highly Cu-rich
with a Cu/(Zn + Sn) ratio of 1.42. The absorber layer was etched with aqueous
KCN solution before CdS deposition to remove the excess CuS. As a result of KCN
etching, the Cu/(Zn + Sn) ratio decreased to 1.01, resulting in nearly stoichiometric
films. The best cell with a SLG/Mo/CZTS/CdS/Al:ZnO/Ni/Al device configuration
showed a total area efficiency of 4.1 % with Voc = 541 mV, Jsc = 13.0 mA/cm?,
and FF = 59.8 %. So far, this holds the record for the high-efficiency CZTS solar
cell produced via one-step vacuum co-evaporation technique.

Repins et al. [14] fabricated Cu,ZnSnSe, (CZTSe) solar cell with 9.15 % effi-
ciency by co-evaporation. The CZTSe absorber layer was grown by four-source
(Cu, Zn, Sn, and Se) thermal co-evaporation. A 15 nm NaF layer was deposited on
Mo-coated SLG substrate by e-beam evaporation before the CZTSe film fabrica-
tion. The NaF layer was used to compensate the low out-diffusion of sodium. It was
argued that the NaF deposition helped to improve the Vo, Jsc, and the fill factor.
Deposition flux of each source and the substrate temperature were precisely con-
trolled during the film growth (Fig. 2.15a). A Cu-rich growth was carried out for
initial 12.5 min to favor larger grain growth, and the Cu source was turned off
thereafter. Formation of Cu,Se, is expected during this period which further reacts
with continuing Zn and Sn flux to form kesterite CZTSe film.
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Fig. 2.15 a Deposition rate of source materials (fop) and substrate temperature profile (bottom);
b external quantum efficiency (fop) and the illuminated J-V characteristic of the CZTSe device
with 9.15 % efficiency (bottom) [14]

The film composition was slightly Zn-rich and Cu-poor and was found to be
uniform throughout the bulk with a Cu-poor surface. Void-free, large 0.5-1.0-pm
columnar grains with faceted surfaces extending the entire absorber thickness were
observed. Single-phase kesterite CZTSe without any secondary phases were
detected by XRD and Raman measurements. The best solar cell with ~0.42 cm?
total area exhibited Voc =377 mV, Jgc = 37.4 mA/cm?, and FF = 64.9 %, yielding
an efficiency of 9.15 % (Fig. 2.15b).

A high diode ideality factor of 1.8 and lower V¢ indicated dominant recom-
bination in the device which was further confirmed by small carrier lifetime of 1—
2 ns calculated from TRPL measurements. Notably, unlike the high-efficiency
CZTS device reported by Wang et al. [17], no evidence of a blocking back contact
was observed for the solar cells obtained in this process. Therefore, it can be
concluded that formation of such blocking barrier is dependent on the particular
deposition process and not an intrinsic issue related to the kesterite material system.

Controlling the deposition parameters play key role to obtain single-phase ke-
sterite compound. Even a small presence of secondary phases could be highly
detrimental to the resulting photovoltaic performance and by choosing the right
deposition parameters, the undesired secondary Sn chalcogenides can be avoided in
the resulting film [95]. XRD data showed that binary Sn chalcogenides can easily
form at lower deposition temperature or if the Sn flux is continued below 450 °C
during cooling down of the substrate. Similarly, control of Cu flux and Zn flux is
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also important to obtain the absorber layer without binary Cu/Zn chalcogenides
which can severely limit the solar cell performance.

A multistage evaporation technique was experimented by Weber et al. [96] to
fabricate CZTS thin film absorber. Two different batches of samples were produced.
In the first one, Cu—Sn—S (CTS) precursor was reacted with ZnS, and in the second
one, ZnS precursor was reacted with Cu—Sn—S phase to promote CZTS growth. Both
types of samples showed kesterite-type structure. Densely packed larger grains were
observed for the second sample, and the highest efficiency of 1.1 % (Voc =436 mV,
Jsc = 6.0 mA/cm?, and FF = 41 %) was achieved for this batch compared to the 0.7 %
efficiency (Voc =501 mV, Jgc =4.2 mA/cm?, and FF = 35 %) obtained from the first
batch of samples with CTS precursor.

2.7.1.2 Sputtering

Sputtering is another well-established high-vacuum deposition technique widely
used in the semiconductor industry to fabricate high-quality thin film devices.
Different variations of sputtering technologies have been investigated to prepare
CZTS(Se) thin film absorber materials including argon beam sputtering, DC/RF
magnetron sputtering, and hybrid and reactive sputtering [68, 71, 99-108]. Similar
to evaporation, CZTS(Se) film fabrication approach by sputtering techniques also
could be subclassified into one-step or two-step processes.

Historically, the first report on the preparation and characterization of CZTS thin
films made by Ito and Nakazawa in 1988 [71] employed sputtering technique. The
absorber layer was deposited on Corning 7059 glass substrates at different tem-
peratures by atom beam sputtering of quaternary target material synthesized by
heating elemental powders to 1050 °C in a vacuum-sealed quartz ampoule. The
deposited polycrystalline films showed a strong diffraction peak from (112) plane at
substrate temperature higher than 90 °C, and the authors have suggested the crystal
structure to be stannite type. An increase of the grain sizes and decrease of resis-
tivity were observed for the films deposited at higher substrate temperatures due to
the higher mobility of sputtered particles. A direct bandgap of 1.45 eV was mea-
sured for the film deposited at substrate temperature of 120 °C, and the absorption
coefficient was in the range of 10* cm™'. Photovoltaic cells were fabricated on
CZTS films deposited on stainless steel substrate at 160 °C. The heterodiode
formed by the deposition of cadmium tin oxide window layer on CZTS absorber
showed an open-circuit voltage of 165 mV. Shortly after, they improved the V¢ to
265 mV with a short-circuit current density of 0.1 mA/cm® by atmospheric
annealing of the deposited film [103].

In 2003, Seol et al. [105] reported on CZTS thin films prepared by RF mag-
netron sputtering at room temperature using a cold-pressed target made of Cu,S,
ZnS, and SnS, powders. The as-deposited films were sulfur-deficient and were
subsequently annealed under Ar + S(g) atmosphere at 250-400 °C for 2 h to
improve the S content. The ratio of Cu,S, ZnS, and SnS, was kept at 2:1.5:1 and the
RF power between 50 and 100 W to obtain a stoichiometric CZTS film after
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sulfurization. The films became Sn-rich and Cu-deficient as the RF power was
increased over 100 W. XRD results showed strong diffraction peaks corresponding
to (112), (200), (220), and (312) planes with a preferential orientation along
(112) and showed improved crystallinity at higher annealing temperatures. The
crystal structure was identified as kesterite type and the measured bandgap was
1.51 eV with an optical absorption coefficient of 1 x 10* cm™".

Tanaka et al. [68] experimented with a hybrid sputtering system equipped with
Cu and Sn sputtering sources and Zn and S effusion cells inside a high-vacuum
chamber to achieve sequential deposition of Cu/Zn/Sn precursor layer followed by
annealing under incident S flux to prepare CZTS films. Sn layer was deposited by
DC sputtering, Zn layer by evaporation, and Cu layer was deposited by RF sput-
tering at different substrate temperatures from 300 to 500 °C. A decrease in film
thickness was observed at higher substrate temperatures, which was attributed to
reduced sticking coefficient and/or increased density due to improved crystalliza-
tion. At lower substrate temperature (<350 °C), binary Cu,S compounds were
formed as identified from XRD analysis. Formation of stannite CZTS compound
along with binary Cu sulfides started above 350 °C as evidenced by the evolution of
CZTS (112) peak in the diffraction pattern. At 400 °C, single-phase stoichiometric
CZTS film was obtained without the presence of any significant secondary phases.
Above 450 °C, films were Zn-poor due to high vapor pressure of Zn, resulting in
substantial Zn loss. Replacing Zn by ZnS or by introducing S flux during Zn
deposition to form zinc sulfide was suggested to mitigate the Zn loss at higher
substrate temperatures. The film obtained at 400 °C showed a direct bandgap of
1.5 eV with an optical absorption coefficient >10* cm™". The films exhibited p-type
conductivity with a carrier concentration of 8 x 10'® cm™.

In order to avoid the effect of moisture adsorption from atmosphere during the film
fabrication process, Jimbo et al. [109] developed an inline-type vacuum apparatus
consisting of two interconnected chambers: one for precursor deposition by RF
co-sputtering and the other for sulfurization of the precursor. Cu, ZnS, and SnS
targets were co-sputtered to deposit the precursor film. After the precursor layer
fabrication, the substrate was transferred to the annealing chamber without breaking
the vacuum. Annealing was performed under N, + H,S (20 %) environment at 580 °C
for 3 h. The best solar cell showed Ve = 662 mV, Isc = 15.7 mA/cm?, and a fill factor
of 55 %, leading to 5.74 % conversion efficiency. The composition of the CZTS
absorber was found to be slightly Cu-deficient and Zn-rich with compositional ratios
of Cu/(Zn + Sn) = 0.87 and Zn/Sn = 1.15, respectively. An external quantum effi-
ciency of 65 % at 1 = 480 nm and bandgap of 1.45 eV were measured.

Later in 2008, the same group of researchers further improved the efficiency by
soaking the CZTS absorber in DI water prior to CdS window layer deposition [59].

The metal oxide particles in the film were removed by DI water, resulting in an
improved device performance. The stoichiometry of the films was found to be
Cu-poor and Zn-rich with elemental composition ratios of Cu/(Zn + Sn) = 0.85,
Zn/Sn = 1.25, and S/metal = 1.1, respectively. The champion cell showed an
open-circuit voltage of 610 mV, short-circuit current density of 17.9 mA/cm?, and a
fill factor of 62 %, leading to an efficiency of 6.77 % after light soaking for 5 min



48 S. Das et al.

under AM 1.5 illumination. This is the highest efficiency cell fabricated by sput-
tering technique till date. An incident photon to current efficiency (IPCE) of >70 %
was observed at ~ 550 nm. The J-V characteristic and the IPCE curve showing the
photovoltaic response of the device in the visible spectrum are shown in Fig. 2.16.

Similar to the study of Araki et al. [85], the effect of precursor layers’ staking
order on the physical properties of resulting CZTS thin films was investigated by
Fernandes et al. [104]. CZTS films were prepared with Mo/Zn/Cu/Sn and
Mo/Zn/Sn/Cu initial metallic precursor stacking orders deposited by DC magnetron
sputtering. Sulfurization of the precursor layer was performed in N, + S(g) atmo-
sphere at 525 °C for 10 min. However, contrary to the results obtained by Araki
et al., the authors concluded the best precursor order to be Mo/Zn/Sn/Cu. It was
argued that top Cu layer helped to reduce the Zn and Sn loss during the annealing
process, leading to a better composition. Binary Cu,S was detected on the film
surface which was subsequently removed by KCN etching. The resulting films had
a kesterite structure as confirmed by Raman spectroscopy. A sharp absorption edge
at 1.43 eV and a carrier concentration of 3.3 x 10" cm™ were measured.

Yoo et al. [107] studied the influence of Cu-rich, Cu-correct, and Cu-poor
precursor on the structural and morphological properties of CZTS films. Stacked
Cu, Zn, and Sn elemental precursor layers with different Cu content and various
stacking sequences were prepared by RF magnetron sputtering and sulfurized at
570 °C under S vapor. Cu,S phase was observed in the films with precursors
containing excess Cu and stoichiometric amount of Cu, but was free from such
impurity phases in films produced from Cu-poor precursor. Also, a smoother
morphology was obtained for the Cu-poor films.

Liu et al. [108] have reported on a single-step CZTS film fabrication approach by
DC reactive sputtering. A Cu—Zn—-Sn alloy target with stoichiometric Cu:Zn:Sn
molar ratio of 2:1:1 and 98 % H,S was used as the reactive gas for sputtering. The
substrate was held at 500 °C during the film deposition. As-prepared films showed a
preferential orientation along (112) plane with densely packed columnar grains.
However, undesired secondary phases such as Cu,_,S and Cu3SnS, were detected

Fig. 2.16 J-V characteristics 20
of the CZTS cell with 6.77 % 18
efficiency prepared by
co-sputtering and (inset) IPCE
curve of the corresponding
device [59]
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in the film alongside CZTS. The films exhibited p-type conductivity with a carrier
concentration of 2.2 x 10'® ecm™,

Momose et al. [101] reported on a CZTS solar cell with 3.7 % device efficiency
prepared by co-sputtering of elemental metal precursors from a single target fol-
lowed by sulfurization. The target was constructed by placing Zn and Sn plates on a
Cu disk, exposing the top surfaces of each metal according to the required stoi-
chiometry. The best cell was obtained by sulfurization of the deposited precursor for
7 min at 590 °C under 1.5 atmospheric pressure of S vapor. A Vgc of 425 mV,
Jsc = 16.5 mA/cm?, and a fill factor of 53 % were recorded for the best performing
cell with a SLG/MO/CZTS/CdS/In,O3 device configuration. The absorber layer of
the corresponding device showed a Cu-poor and Zn-rich composition with Cu/
(Zn + Sn) = 0.89 and Zn/Sn = 1.15. Chalapathy et al. [99] used DC sputtering to
deposit Cu/ZnSn/Cu stacked layer on Mo-coated SLG substrate at room temperature
and subsequent 30 min sulfurization at 560 °C and 580 °C under S vapor to grow
CZTS absorber layer. The atomic concentration of the ZnSn target was kept at Zn:
Sn = 60:40. The completed device with a SLG/Mo/CZTS/CdS/i-ZnO/Al:ZnO/Al
configuration prepared on the CZTS film fabricated at 560 °C showed a conversion
efficiency of 4.59 % (Voc = 545 mV, Jsc = 15.44 mA/cm?, and FF = 54.6 %).
A quantum efficiency of 65 % at A = 520 nm and an optical bandgap of 1.46 eV were
reported. In situ XRD and Raman data were collected during the annealing ramp-up
cycle at different temperatures to understand the growth mechanism. Below 470 °C,
only binary metal sulfides (Cu,_,S, ZnS, and SnS,) were observed. Kesterite CZTS
compound was found to form at 470 °C. At 560 °C and 580 °C sharp CZTS peaks
were observed in Raman spectra. However, small amount of Cu,_,S still exists
which disappeared after 30-min annealing. Contrary to the other reports of
high-efficiency CZTS(Se) solar cells, the absorber film composition in this study was
highly Cu-depleted and excess in zinc. The corresponding elemental ratios were
measured to be 0.67 and 1.45 for Cu/(Zn + Sn) and Zn/Sn, respectively. One
important structural feature observed in the best absorber film in this study was the
presence of a bilayer grain distribution with dense small grain microstructure near
the Mo back contact and grooved larger grains on the top, similar to the observation
made by Shin et al. [84] for the CZTS solar cell with 8.4 % efficiency.

Katagiri et al. [106] employed RF co-sputtering to fabricate CZTS thin films
using Cu, ZnS, and Sn/SnS targets. The influence of the film composition was
directly correlated with the photovoltaic performance of the solar cells. The com-
positional ratios of Cu/(Zn + Sn) and Zn/Sn were varied in a wide range from 0.75
to 1.25 and 0.8 to 1.35, respectively. The annealing was performed under N, + H,S
environment at 580 °C for 3 h with different H,S concentrations from 5 to 20 %. No
significant difference in the film properties were observed between the films
annealed at different H,S concentrations. The device with 5 % H,S-treated absorber
showed an open-circuit voltage, Voc = 612 mV, short-circuit current density,
Jsc = 10.6 mA/cm?, and FF = 62.3 %, resulting in an efficiency () of 4.1 %
compared to Voc =634 mV, Jsc=9.5 mA/cm?, FF = 62.7 %, and 7 =13.8 % of the
device obtained by sulfurization under 20 % H,S concentration. To study the
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Fig. 2.17 Device efficiency versus composition of the CZTS absorber layer [106]

dependence of photovoltaic performance on the film composition, device efficiency
data were plotted against the absorber layer composition, collected from a series of
solar cells prepared with varying elemental ratios as shown in Fig. 2.17. Clearly,
superior devices lie in a confined space within the composition map in Fig. 2.17,
having a Zn/Sn ratio in the range of 1.1-1.3 and a Cu/(Zn + Sn) ratio in the range of
0.8-0.9. This study supports the observation of Cu-poor and Zn-rich stoichiometry
evidenced in best performing CZTS-based devices prepared by any deposition
technique and suggests the compositional range to obtain high-efficiency cells.

2.7.1.3 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a relatively new method explored for the depo-
sition of high-quality thin films and fabrication of interconnections in integrated
circuits. This method offers flexible and controlled deposition of highly crystalline
thin films under high vacuum with great reproducibility [110]. The film is deposited
by physical ablation of the target material onto a substrate by a high-power pulsed
laser radiation, and the film properties can be easily controlled by altering various
deposition parameters, such as laser power, pulse rate, duration, distance from the
substrate to the target, and substrate temperature. Although PLD has been proved to
be a versatile and competent technique to grow different thin film materials,
application of this technique for commercial manufacturing of large-area photo-
voltaic devices is currently limited mainly due to the small deposition area
achievable by present laser technology.

In 2006, Sekiguchi et al. [111] have reported on the growth of epitaxial CZTS
films on n-type (100)-oriented GaP substrates using pulsed laser deposition. CZTS
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target was synthesized by solid-state reaction of equimolar amounts of Cu,S, ZnS,
and SnS, powders in a quartz ampoule sintered at 750 °C for 24 h. Deposition was
carried out at a constant laser power of 0.85 J/cm? using a KrF laser source with
varying substrate temperatures from 300 to 400 °C. Structural, compositional, and
optical properties of the as-deposited films were reported. X-ray diffraction peaks
corresponding to reflections from CZTS (112), (020)/(004), and (040)/(008) planes
were observed. Films were found to be slightly S-deficient with nearly stoichi-
ometric metal composition. Best crystallinity was obtained for the film deposited at
400 °C substrate temperature showing a bandgap of 1.5 eV.

Photovoltaic cells employing PLD technique for absorber layer deposition were
first reported by Moriya et al. in 2007 [112]. The target CZTS pellet was synthe-
sized by adopting the similar recipe used by Sekiguchi et al. [111]. KrF excimer
laser (248 nm) with 1.5 J/cm? energy density and 10 ns pulse width at a repetition
rate of 30 Hz was used for the deposition. CZTS film was deposited onto
Mo-coated SLG substrate at room temperature and subsequently annealed under
inert N, ambient at 300-500 °C for 1 h. The films annealed at 500 °C exhibited
improved crystallinity with strong (112) orientation. XRD peaks corresponding to
(112), (200), (220), and (312) planes of CZTS were identified. Contrary to the
widely reported Cu-poor and Zn-rich stoichiometry for PV-grade CZTS films, all
films under this study showed Cu-poor, Sn-rich, and S-poor stoichiometry with
elemental ratios of Zn/Sn = 0.86, Cu/(Zn + Sn) = 0.73, and S/metal = 0.92 for the
film annealed at 500 °C. The best device was obtained from the film annealed at
500 °C. The resulting solar cell showed Vo = 546 mV, Jgc = 6.78 mA/cm?, and
FF = 48 %, leading to a conversion efficiency of 1.74 %.

Later in 2008, the same group of researchers changed the annealing environment
from N, to N, + H,S (5 %) in order to improve the S content of the CZTS films
[113]. Also, the laser power was varied from 0.7 to 1.5 J/em?® to optimize the
ablation process. Films deposited at 1.5 J/em?® incident laser power showed for-
mation of Cu—Sn—S grains on the film surface, while a smoother and better quality
film was obtained at 0.7 J/cm? incident laser power. As a result of annealing in the
presence of H,S, the films became nearly stoichiometric. However, the cell per-
formance was inferior compared to the earlier report [112]. The best solar cell
efficiency of 0.64 % was reported with Voc of 336 mV, Jgc = 6.53 mA/cm?, and a
fill factor of 46 %.

The influence of incident laser power on the resulting CZTS film properties was
further studied in detail by Pawar et al. [114]. The density of laser energy was
varied from 1.0 to 3.0 J/cm? and corresponding structural, morphological, and
optical properties of the films were investigated. Preparation of CZTS target was
similar to that of the earlier reports by Moriya et al. [113]. A KrF excimer laser
source (248 nm) operated at 25 ns pulse width at a frequency of 10 Hz was used to
deposit CZTS thin films on glass substrates. As-deposited films were annealed
under N, + H,S (5 %) ambient at 400 °C for 1 h. Structural, morphological, and
optical properties of the as-deposited films improved with increased laser power up
to 2.5 J/cm?, but degraded at higher energy density of 3.0 J/cm?. Improvement of
crystallinity was evidenced from the evolution of larger diffraction peak intensity
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with increasing power till 2.5 J/cm?, which slightly decreased at 3.0 J/cm®.
A consistent enhancement of grain size and a decrease in optical bandgap were
observed with higher laser energy. However, the bandgap increased slightly when
the laser power increased beyond 2.5 J/em?.

Influence of the substrate temperature on the resulting film properties was carried
out by Sun et al. [115]. Only the substrate temperature (7T,,) was varied from 300
to 450 °C without changing other deposition parameters. As-deposited films were
characterized for structural, optical, and compositional analysis. All CZTS films
showed kesterite structure with strong (112) orientation and had a Cu-rich and
S-deficient composition. At lower temperatures, isolated island-like crystallites
were formed, whereas larger clusters were formed at higher temperature due to
higher surface mobility leading to coalescence of islanded structures. Raman
spectroscopy showed formation of Cu,_,S compound at 350 and 400 °C, which
disappeared at higher deposition temperature. A gradual decrease of the bandgap
from 1.98 to 1.53 eV was observed with increasing Ty,,. From XRD and Raman
analysis, the authors suggested existence of internal compressive strain in the
as-deposited films.

The research group of Moholkar et al. [116—118] made consistent progress over
last few years on the development of CZTS solar cells made by PLD technique.
Without altering the device architecture and the target synthesis recipe, a gradual
improvement of efficiency was achieved by optimization of the absorber layer
properties and the deposition process parameters. In 2011, they studied the influ-
ence of pulse frequency on the film properties and a conversion efficiency of 2.02 %
was reported [117]. The pulse repetition rate was modulated from 2 to 20 Hz with a
constant laser power of 1.5 Jem?. As-deposited films were annealed in N, + H,S (5
%) at 400 °C for 1 h. Annealed films showed improved crystallinity with increasing
pulse rate with strong (112) orientation. Thickness of the deposited films also
increases up to 18 Hz, but noticed to fall at 20 Hz. Composition of the annealed
films deposited at 10 Hz pulse frequency was nearly stoichiometric with Cu:Zn:Sn:
S = 2.04:0.8:1.0:4.16. The optical bandgap of the films after annealing was in the
range of 1.5-1.8 eV. Solar cell with a glass/Mo/CZTS/CdS/Al:ZnO/Al device
structure fabricated with the absorber layer deposited at 10 Hz exhibited
Voc = 585 mV, Jsc = 6.74 mA/ecm?, and a fill factor of 51 %, resulting in an
efficiency of 2.02 %. A maximum 32 % quantum efficiency was recorded at
A =530 nm.

In the same year, an enhanced efficiency of 3.14 % was reported for pulsed laser
deposited CZTS solar cells [116]. CZTS absorber film deposition was carried out at
a fixed laser power of 2.5 J/cm? pulsed at 10 Hz with varying deposition time from
5 to 45 min. The best device prepared with an absorber layer thickness of ~2.9 um
obtained by 30 min of deposition followed by 1 h of annealing at 400 °C under 5 %
H,S showed Voc = 651 mV, Jsc = 8.76 mA/cm?, and FF = 55 %, yielding an
efficiency of 3.14 %. An optical bandgap of 1.54 eV for the absorber and a peak
quantum efficiency of 34 % at 530 nm were measured for the respective device.

In 2012, the photoconversion efficiency was further improved to 4.13 % by
optimization of chemical composition of the deposited CZTS films [118]. So far, it
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Fig. 2.18 J-V characteristics of the CZTS solar cells obtained by PLD technique deposited with
various target compositions of a = Cu/(Zn + Sn) = 0.8-1.2 and (inser) the quantum efficiency
curves of the respective devices [118]

is the highest efficiency CZTS-based device obtained by PLD technique. The
composition ratio of Cu/(Zn + Sn) in the target material was varied from 0.8 to 1.2,
keeping a constant Zn/Sn ratio. The J-V characteristics of the best devices obtained
from CZTS films deposited using different chemical composition of the target are
shown in Fig. 2.18, where “a” denotes the Cu/(Zn + Sn) ratio of the target material.
It was found that the chemical composition of the deposited films can be
gradually varied by changing the composition of the target. Crystallinity of the
films was improved and larger grains were obtained by increasing Cu/(Zn + Sn)
ratio from 0.8 to 1.1, indicating promotion of grain growth under Cu-rich and
Zn-poor condition. However, structural and morphological degradation is observed
for higher Cu/(Zn + Sn) ratio of 1.2. The absorber layer thickness was found to
increase with increasing Cu/(Zn + Sn) ratio up to 1.1. Bandgap (E,) of the films
shifted to lower energy, changing from 1.79 to 1.53 eV for increased Cu/(Zn + Sn)
from 0.8 to 1.2. The champion cell obtained from a target composition of Cu/
(Zn + Sn) = 1.1 corresponding to the absorber with E, = 1.54 eV showed
Voc = 700 mV, Jsc = 10.01 mA/cm?, FF = 0.59, and n =4.13 %. The maximum
quantum efficiency of the champion cell was measured to be 36 % at 8§10 nm.

2.7.2 Non-vacuum Deposition Methods

The PVD technique is expensive and challenging to scale up because of film
non-uniformity and low material utilization. Sputtering techniques are suitable for
large-area deposition; however, they require expensive vacuum equipment and
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sputtering targets. The PLD technique is also very expensive and has not demon-
strated high-efficiency devices yet. Some of the many disadvantages of vacuum
technology are complicated instrumentation, materials waste, high cost per surface
area of deposition, and instability of some compounds at the high deposition
temperature. Recently, the record efficiency of 11.1 %-CZTS(Se) thin film solar cell
has been achieved by a non-vacuum hybrid solution-particle processing technique
developed by IBM [24]. In the past decade, various non-vacuum deposition tech-
niques have been investigated to prepare CZTS-based solar absorbers and photo-
voltaic solar cell fabrication including electrochemical deposition, hybrid
solution-particle processing, nanoparticle-based synthesis, sol-gel spin coating,
spray pyrolysis, chemical bath deposition (CBD), open-atmosphere chemical vapor
deposition (OACVD), successive ion layer adsorption and reaction (SILAR), and
screen printing. In this section, different non-vacuum approaches for CZTS(Se)
absorber fabrication are discussed.

2.7.2.1 Nanocrystal-Based Approach

Recent developments of semiconductor nanoparticle synthesis have opened up new
opportunities to fabricate thin films using the nanocrystals and construct solar cells
with novel device architecture. Owing to tunable optoelectronic properties and easy
composition control capability, nanocrystal-based approach for solar absorber
fabrication is an attractive choice. In recent years, a significant research effort has
been dedicated for the synthesis of I-III-VI, nanocrystals for photovoltaic appli-
cations [119-122].

In 2009, three individual research groups reported on the synthesis of CZTS
nanocrystals, out of which two reported on solar cell properties, prepared using the
nanocrystals [123—125]. All of these reports investigated solution-based colloidal
hot-injection method for nanocrystal synthesis.

Riha et al. [125] synthesized homogeneous, nearly monodisperse CZTS nano-
crystals and characterized their structural, compositional, and optical properties.
Stoichiometric amounts of metal salts (copper(Il) acetylacetonate, zinc acetate, and
tin(IV) acetate) dissolved in oleylamine and elemental sulfur powder separately
mixed in oleylamine were used as precursor solutions. Both precursors were
quickly injected into trioctylphosphine oxide (TOPO) solution heated to 300 °C,
initiating the nucleation and growth of CZTS nanocrystals. As-synthesized trian-
gular and round-shaped nanocrystals were stoichiometric in composition and
showed single-crystalline tetragonal structure with an average diameter of
12.8 £ 1.8 nm. Diffraction spots corresponding to (112), (200), (220), (312), (008),
and (332) planes of kesterite CZTS phase were identified from selected-area
electron diffraction (SAED) pattern. Phase purity of the nanocrystals was further
confirmed by differential thermal analysis (DTA). The CZTS nanocrystals exhibited
an optical bandgap of 1.5 eV.

Sheinhagen et al. [123] reported photovoltaic properties of devices prepared
using CZTS nanocrystals synthesized by arrested precipitation at high temperature.
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Copper acetylacetonate, zinc acetate, tin chloride dihydrate, and elemental sulfur
were used as precursor materials. Oleylamine was solely used as the coordinating
solvent for the precursors. Nanocrystal growth was carried out for 1 h under an inert
atmosphere at elevated precursor solution temperature of 280°C. As-synthesized
irregular-shaped CZTS nanocrystals had an average particle size of 10.6 £ 2.9 nm
with slightly Sn-rich and S-poor stoichiometry. An optical bandgap of 1.3 eV was
estimated and powder XRD pattern revealed characteristic peaks of kesterite CZTS
structure. TEM and SEM micrographs of the as-prepared CZTS nanocrystals are
shown in Fig. 2.19. The nanocrystals dispersed in toluene were used as an ink to
deposit CZTS absorber layer by spray coating. A solar cell fabricated with
SLG/Au/CZTS/CdS/ZnO/ITO configuration exhibited an open-circuit voltage,
Voc = 321 mV, short-circuit current density, Jsc = 1.95 mA/cm?, and a fill factor of
37 %, yielding an efficiency of 0.23 %.

Guo et al. [124] fabricated CZTSSe solar cells by drop-casting of CZTS
nanocrystals prepared by a hot-injection method followed by selenization of the
films under Se vapor. Copper(Il) acetylacetonate, zinc acetylacetonate, tin(IV) bis
(acetylacetonate) dibromide, and elemental sulfur at 2:1:1:4 molar ratios were used
as precursors and oleylamine as the solvent for nanocrystal synthesis. The growth
reaction was initiated by swift injection of the sulfur solution into the mixed metal
precursor solution at 225 °C, and the reaction was continued for 30 min. As-grown
nanocrystals were purified by successive precipitation and decantation using
organic solvents. Absorber film was fabricated by drop-casting of the CZTS
nanocrystal ink on Mo-coated SLG substrate forming ~0.75 pm thick film.
A thicker film was obtained by repeating the drop-casting process two times and

Fig. 2.19 a TEM image of
the as-synthesized CZTS
nanocrystals,

b high-resolution TEM image
of a single nanocrystal, and

¢ SEM image of the dispersed
CZTS nanocrystals [123]
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each layer was annealed under Ar at 350 °C for 1 h, removing any organic ligands
attached to the nanocrystal surface. As-prepared CZTS films were further annealed
under Se vapor at 400-500 °C to form CZTSSe absorber layer used for final device
fabrication. Powder XRD pattern of the as-synthesized CZTS nanocrystals showed
a kesterite structure with lattice parameters of a = 5.421 A and ¢ = 10.816 A.
A Cu-rich and Zn-poor stoichiometry was observed from EDX measurement. The
size range of the nanocrystals was between 15 and 25 nm, and the bandgap was
measured to be 1.5 eV. Solar cell with a SLG/Mo/CZTS,Se,_/CdS/i-ZnO/ITO
configuration obtained using the CZTS film selenized at 500 °C showed the best
power conversion efficiency of 0.74 % with Voc = 210 mV, Jgc = 11.5 mA/cm?,
and a fill factor of 33.1 %.

Following the same approach, later in 2010, Guo et al. [18] made a significant
improvement of the solar cell performance, reporting 7.23% photoconversion
efficiency by optimizing the composition of CZTS nanocrystals.

A Cu-poor and Zn-rich composition of the nanocrystals was achieved by
adjusting the amounts of metal salts in the precursor (1.332 mmol, 0.915 mmol, and
0.75 mmol for Cu, Zn, and Sn, respectively) keeping the synthesis methodology
essentially same as before [124]. Absorber layer of ~1 pm was deposited on
Mo-coated SLG substrate by knife-coating of the nanocrystal ink prepared by
dispersion of the purified nanocrystals in hexanethiol. Selenization of the
as-deposited CZTS film was carried out in the presence of Se vapor at 500 °C for
20 min, forming CZTSSe film with large, densely packed grains. Selenized films
used for cell fabrication exhibited a Cu-poor and Zn-rich stoichiometry with
compositional ratios of Cu/(Zn + Sn) = 0.79 and Zn/Sn = 1.11. The best solar cell
fabricated with a device configuration of SLG/Mo/CZTS,Se;_,/CdS/i-ZnO/ITO/Ni/
Al showed Voc = 420 mV, Jsc = 30.4 mA/cm?, FF = 52.7 %, and a total area
efficiency of 6.73 % which was further improved to 7.23 % (Voc = 430 mV,
Jsc = 31.2 mA/em?, FF = 53.9 %) after 15-min light soaking under AM 1.5 G
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Fig. 2.20 a J-V characteristics of the best CZTSSe solar cell without and with 15-min light
soaking and b external quantum efficiency of the corresponding device [18]
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illumination (Fig. 2.20). The device showed ~90 % quantum efficiency in the
visible spectrum corresponding to a bandgap of 1.05 eV.

The photoconversion efficiency was further improved to 8.5 % by Cao et al. at
DuPont [126]. Binary and ternary metal sulfide nanoparticles, such as
copper-tin-sulfide (CTS), ZnS, SnS, and Cu,S,, were synthesized by reacting metal—
oleylamine complexes with sulfur in a solution of oleylamine and TOPO at high
temperature (>200 °C). As-synthesized metal chalcogenide nanocrystals mixed with
desired proportions and dispersed in hexanethiol were used as the precursor ink for
CZTSSe absorber film fabrication by spin coating. This method allowed easy
composition control of the final film by changing the ratio of different metal sul-
fide nanocrystals in the precursor ink. Spin-coated films were annealed under Se
vapor at 560 °C for 20 min to form a robust CZTSSe absorber layer. The best solar
cell with a device configuration of SLG/Mo/CZTSSe/CdS/i-ZnO/ITO/Ag showed a
Voc = 451 mV, Jsc = 29.0 mA/cm?, and FF = 64.9 % and a photoconversion
efficiency of 8.5 % without any antireflection coating. The CTS and ZnS nanopar-
ticles used in preparing the precursor ink for absorber layer formation are shown in
Fig. 2.21a. Cross-sectional SEM revealed a bilayer microstructure of the CZTSSe
absorber comprising of a fine-grained bottom layer near the back contact and the top
layer consisting of larger grains (Fig. 2.21b). Similar bimodal structure was observed
for high-efficiency solar cells prepared by vacuum-based thermal evaporation and
DC sputtering techniques [84, 99]. The carbon-rich nanometer-sized grains in the
bottom layer were the incompletely selenized initial precursor film. The
micrometer-sized highly crystalline and densely packed larger grains on top were
formed as a result of selenization and were carbon free. The elemental composition
of the larger grain CZTSSe was estimated to be Cu; ;Zn; ,SnSy ¢Ses o. The authors
suggested that highly crystalline top layer contributed to high photogeneration of
carriers and the bottom carbon-rich layer acted as a low resistive interface to the Mo
back contact, resulting in superior device performance. This is the best performing
CZTSSe device obtained by nanocrystal-based approach.

Kameyama et al. carried out the hot-injection synthesis at various temperatures
to assess the effect of temperature on the growth and crystallization of CZTS

Large-Grain
|, CZTSSq

Fig. 2.21 a TEM images of the as-synthesized copper-tin-sulfide and ZnS nanocrystals and
b cross-sectional SEM image of the completed device structure [126]
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nanocrystals. Metal acetate salts and elemental sulfur in oleylamine were used as
the precursors [127]. At growth temperature below 180 °C, secondary CuS phase
was detected, whereas pure CZTS nanocrystals were formed at temperature above
240 °C. Contrary to the general growth statistics observed for semiconductor
nanocrystals grown in colloidal solution, size of the nanocrystals under this study
was found to decrease at increased reaction temperature with average parti-
cle diameter of ~6.6 £ 1.5 nm at 120 °C, 6.6 = 1.3 nm at 180 °C, 5.6 + 1.2 nm at
240 °C, and 5.1 = 1.2 nm at 300 °C. Photoelectrochemical characterization of
immobilized layer-by-layer deposited CZTS nanocrystals on ITO-coated glass
exhibited p-type nature. Comparable to the bulk counterpart, a bandgap of 1.5 eV
was estimated for the as-prepared nanocrystals showing no quantum confinement
effect. The conduction band edge (Ecg) and the valence band edge (Evg) potentials
of the CZTS nanocrystals were estimated to lie at +0.3 and —1.2 eV, measured
against a saturated Ag/AgCl electrode.

Riha et al. [128] fabricated a CZTS-based photoelectrochemical cell following
the hot-injection synthesis technique reported earlier. Stoichiometric and Zn-rich
CZTS thin films were prepared by dip coating the FTO substrates in respective
nanocrystal solutions. As-deposited films were annealed in Ar atmosphere at 350 °C
for 1.5 h. A redox electrolyte containing Eu®* was used for the cell fabrication.
Incident photon to current efficiency (IPCE) of 1.8 and 2.8 % at 500 nm was
recorded for the as-deposited films prepared from stoichiometric and Zn-rich
nanoparticles, respectively, which were further improved to 3.1 and 10.1 % after
annealing.

Shavel et al. [129] prepared CZTSe (Cu,Zn,Sn,Se...,,) nanocrystals for the
first time via hot-injection colloidal synthetic route by reacting amine complexes of
the metal salts with elemental Se in trioctylphosphine (TOP). The synthesized
nanocrystals were nearly monodisperse with an average particle size of 20 + 2 nm,
showing highly faceted polyhedral geometries (Fig. 2.22a). X-ray diffraction
analysis revealed a tetragonal stannite structure (I42m) and compositional analysis

Fig. 2.22 a TEM image of stannite CZTSe nanocrystals grown via hot-injection method at 295 °C
for 5 min [129]; b TEM and HRTEM images of wurtzite CZTS nanocrystals prepared in
dodecanethiol and oleylamine [130]
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showed a homogeneous elemental distribution with Zn-poor and Sn-poor
stoichiometry.

In general, CZTS has been reported to crystallize in tetragonal kesterite and
stannite structures. Lu et al. reported CZTS nanocrystals with a new wurtzite phase,
synthesized by a hot-injection method [130]. Metal-thiolate complexes prepared by
dissolving metal salts in dodecanethiol were reacted with elemental sulfur in
oleylamine or oleic acid at 240 °C for 1 h to grow the CZTS nanocrystals. The
authors implied that dodecanethiol plays a key role in balancing the reactivities of
different cations in the reaction mixture and promoted wurtzite phase CZTS growth.
The new wurtzite phase CZTS nanocrystals showed a highly crystalline hexagonal
structure (Fig. 2.22b), and the bandgap was measured to be 1.4 eV.

Dai et al. [131] investigated a solvothermal route for the synthesis of compo-
sitionally tunable (Cu,Sn),3Zn;—,S (0 < x < 0.75) nanocrystals. The obtained
nanocrystals showed a sphalerite structure with tunable bandgap from 3.48 to
1.23 eV. As-prepared CZTS nanocrystals with a chemical composition of
(CuySn)g01Zng 975 were used as the photoactive agent in a quantum dot-sensitized
solar cell structure. An open-circuit voltage, Voc = 283 mV, a short-circuit current
density, Jsc = 0.36 mA/cmz, a fill factor of 28.6 %, and a photoconversion effi-
ciency of 0.03 % were reported.

Cao et al. [132] also investigated a solvothermal method to synthesize CZTS
nanocrystals. CuCl,, (CH3CO,),Zn, SnCly, and sulfur were autoclaved in ethy-
lenediamine at 180 °C for 15 h to obtain CZTS nanocrystals with 5-10 nm
diameter. As-synthesized nanocrystals showed a bandgap of 1.5 eV with slightly
Cu-poor, Sn-rich, and S-deficient composition. However, wurtzite ZnS phase was
detected along with kesterite CZTS crystals which was removed by annealing the
nanocrystal thin film under Ar + H,S (5 %) atmosphere at 550 °C for 1 h, resulting
in improved crystallinity.

Single-crystalline CZTS and CZTSe nanowires have been fabricated by Shi et al.
[133] using an anodic aluminum oxide (AAO) template. AAO templates (200 nm
pore diameter) were immersed in the precursor solution containing metal chloride
salts and sulfur/selenium in anhydrous ethylenediamine and successively auto-
claved at 230 °C for 70 h to grow the nanowires. Highly ordered template-directed
several micrometer-long nanowires were obtained with predominant growth
direction along [110, 111] (Fig. 2.23). As-grown CZTS nanocrystals showed ke-
sterite structure with a near-stoichiometric composition ratio of Cn:Zn:Sn:
S =2.2:0.9:0.8:4.1. An optical bandgap of ~1.5 eV for CZTS and ~1.3 eV for
CZTSe nanowires was determined. This investigation showed possibility of
designing and fabrication of three-dimensional CZTS solar cells using nanowires.
However, CZTS nanowire-based photovoltaic device has not been reported.

2.7.2.2 Processing of Hydrazine-Based Solution-Particle

At IBM, Todorov et al. [134] developed a hydrazine-based hybrid solution-particle
processing technique for CZTS(Se) film fabrication. A hybrid solution-particle



60 S. Das et al.

Fig. 2.23 SEM micrographs of the as-prepared CZTS nanowires: a Top view and b side view
after etching the AAO template using NaOH [133]

slurry containing copper-tin-chalcogenide mixed in hydrazine and ZnSe(N,H,) or
ZnS(N,H,) was deposited layer by layer via spin coating and successively annealed
at 540 °C to form the absorber layer. By varying the amount of chalcogens, highly
Se-rich, mixed sulfoselenide, and pure sulfide (Se free) absorbers were prepared.

A Zn-rich and Cu-poor stoichiometry was maintained for the films with the
composition ratios of Cu/(Zn + Sn) = 0.8 and Zn/Sn = 1.22, respectively. Final
films showed micrometer-scale large grains. High-efficiency device performance
was reported for solar cells fabricated from sulfoselenide (S/chalcogen = 0.4) and
high Se-content (S/chalcogen = 0.08) absorbers. A remarkable conversion effi-
ciency of 9.66 % was achieved with the sulfoselenide absorber having
Voc = 516 mV, Jsc = 28.6 mA/cm?, and FF = 65 %, while the device from Se-rich
absorber exhibited a conversion efficiency of 9.30 % with Voc = 412 mV,
Jsc = 36.4 mA/cm?, and FF = 62 % (Fig. 2.24a). An optical bandgap of 1.0 eV for
Se-rich sample and 1.2 eV for the sulfoselenide sample was estimated from the
corresponding IPCE data (Fig. 2.24b).
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Fig. 2.24 a J-V characteristics of solar cells prepared from highly Se-rich (sample A) and
sulfoselenide (sample B) CZTSSe absorbers and b normalized quantum efficiency of the
corresponding devices (dashed line Se-rich and straight line sulfoselenide) [134]
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Shortly after this report, the same group of researchers improved the device
efficiency above 10 % following the same approach [135]. The enhanced cell
performance was attributed to improved short-circuit current density and fill factor.
The best solar cell exhibited an open-circuit voltage, VOC = 517 mV, short-circuit
current density, Jgc = 6 mA/cmz, FF =63.7 %, leading to a photoconversion effi-
ciency of 10.1 % corresponding to an absorber bandgap of 1.15 eV.

The benchmark CZTS-based solar cell exceeding 11 % power conversion effi-
ciency was reported by the same group of researchers following the
hydrazine-based hybrid solution-particle processing route developed earlier [24].
The enhancement of efficiency was mainly attributed to the improved short-circuit
current density and fill factor. CZTSSe films with thickness of 1.5-2.2 pm were
fabricated. Larger grains with the dimension of entire absorber layer thickness were
observed with a thin (~200 nm) MoSe, interfacial layer at the Mo back contact.
Completed device stack had a glass/Mo/CZTSSe/CdS/ZnO/ITO/Ni-Al structure
with 0.45 cm? active area. The benchmark device showed a Voc = 459.8 mV,
Jsc = 34.5 mA/cm?, and FF = 69.8 %, resulting in an efficiency of 11.1 % under
AM 1.5 G illumination with an antireflection coating (Fig. 2.25). This is the
maximum power conversion efficiency achieved with kesterite CZTS-based devices
inclusive of all deposition methods. Existence of a near-bandgap activation energy
indicated that the cell performance was limited by Schottky—Read—Hall
(SRH) recombination process occurring within the depletion region. Investigation
of the device inhomogeneity within the active area using light beam-induced cur-
rent (LBIC) measurement showed a minimal 5 % standard deviation of photo-
generated current which is ascribed to the inhomogeneity of the absorber layer
bandgap across the device.
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Fig. 2.26 a (ohv)® versus hv plot of the as-deposited oxide precursor film and CZTS film after
sulfurization and b J-V characteristics of the champion CZTS solar cells prepared by OACVD
technique [136]

2.7.2.3 Open-Atmosphere Chemical Vapor Deposition (OACVD)

An open-atmosphere chemical vapor deposition (OACVD) method for CZTS film
fabrication has been reported by Washio et al. [136]. They reported that the CZTS
thin film device with an active area of 0.08 cm?® showed a Voc = 658 mV,
Jsc = 16.5 mA/em?, FF = 55 %, and a power conversion efficiency of 6.03 % under
AM 1.5 illumination (Fig. 2.26b).

CZTS thin films were prepared by sulfurization of an oxide precursor layer
annealed at 520-560 °C under 5 % H,S for 3 h. The oxide precursor film deposited
by spraying vaporized Cu(CsH,0,),, Zn(CsH;0,),, and Sn(CsH;0,), sources
directly onto Mo-coated SLG substrates held at 250-450 °C using N, as the carrier
gas. Sulfurized CZTS films showed X-ray diffraction peaks corresponding to ke-
sterite structure. Optical bandgap of the as-deposited oxide precursor film was
2.52 eV and decreased to 1.57 after sulfurization (Fig. 2.26a). Solar cells with a
SLG/Mo/CZTS/CdS/Al:ZnO/Al device structure was fabricated. The best photo-
voltaic performance was obtained by the cell prepared with an absorber composi-
tion of Cu/(Zn + Sn) = 0.78 and Zn/Sn = 1.29.

2.7.2.4 Electrodeposition

This section presents the electrodeposition of CZTS(Se) materials. Electroplating is
a potentially suitable preparation method to obtain low-cost precursor films. The
electrodeposition process could provide (a) high-quality film with very low capital
investment; (b) a low-cost, high-rate process; (c) use of very low-cost starting
materials (e.g., low-purity salts or solvents), based on automatic purification of the
deposited materials during plating; (d) a large-area, continuous, multicomponent,
low-temperature deposition method; (e) deposition of films on a variety of shapes
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and forms (wires, tapes, coils, and cylinders); (f) controlled deposition rates and
effective material use (as high as 98 %); and (g) minimum waste generation (i.e., the
solution can be recycled) [137]. The major drawback for electrodeposition is that it
requires conductive substrates, which limits the application of this process in
several key technologies.

Electrodeposition uses electrolysis to deposit a coating of desired form on
conducting substrates from a solution (“bath”) containing the ions of interest (e.g.,
Cu?*, Sn**, Zn>*). Almost without exception, one of the two phases contributing to
an interface of interest in electrodeposition will be an electrolyte, which is a phase
through which charge is carried by the movement of ions. The second phase at the
boundary is the substrate, through which charge is carried by electronic movement.
In cathodic electrodeposition, when the potential of the substrate (electrode) is
moved from its equilibrium value toward negative potentials, the cation that will be
reduced first is the one with the least negative (or most positive) redox potential E°.
In a solution containing Cu?*, Sn**, and Zn>*, all three ions can be co-deposited on
the surface of the substrate (cathode) when the potential is sufficiently negative.
Interestingly, Se also co-deposits with Cu, Sn, and Zn under certain conditions even
though it is expected to deposit on the counter electrode (anode). The conditions of
electrodeposition of CZTS thin films are related to the individual electrochemical
reactions that correspond with the following Nernst equation, leading to the
deposition of Cu, Sn, Zn, and Se. In this case, the electrodeposition of CZTS films
on the cathode is most probably caused by the combination of electrochemical and
chemical reactions as follows:

M"" +ne” =M (2.4)

Cu>* +2e~ — Cu(s) (2.5)

E = E., + RT/2F In[Cu®"] = 0.337 4 0.0295 log[Cu*"] (2.6)
Sn*T +2e~ — Sn(s) (2.7)

E =EJ, + RT/2F In[Sn*"] = —0.136 + 0.0295 log[Sn>"] (2.8)

Zn’** 4+ 2e~ — Zn(s) (2.9)

E =E) +RT/2F In[Zn*'] = —0.763 + 0.0295 log[Zn*"] (2.10)
H,Se0; + 4H' + 4 — Se + 3H,0 (2.11)

E =0.741 — 0.0591 pH + 0.0148 log[H,SeOs] (2.12)

HSeO; + SH* +4e~ — Se + 3H,0 (2.13)
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E =0.778 — 0.0739 pH + 0.0148 log[HSeOy5 | (2.14)
SeO3™ + 6H' +4e~ — Se + 3H,0 (2.15)

E = 0.875 — 0.0886 pH + 0.0148 log[SeO3 "] (2.16)
xM +ySe — M,Se, (2.17)

where E is the electrode equilibrium potential with respect to the standard hydrogen
electrode (SHE) and Egu, Egn, and E%n are the standard electrode potentials of Cu,
Sn, and Zn, respectively. F is Faraday’s constant equal to 96,485 Coulomb/mole.
Concentration of H" is converted to pH scale and shown in the equations. The
logarithm of concentrations of different chemical species shifts the electrode
equilibrium potential at the specific concentration.

Several research group reported successful electrodeposition of CZTS materials
[138-147]. Ennaoui et al. [139] fabricated electrodeposited Cu,ZnSnS, device with
3.4 % efficiency, with a Voc = 0.56 V, Jgc = 14.8 mA/cm?, and FF = 0.41. The
absorber layers were prepared by solid-state reaction in H,S atmosphere of elec-
trodeposited Cu—Zn—Sn precursors. Araki et al. [140] fabricated electrodeposited
Cu,ZnSnS, device with 3.16 % efficiency, with a Voc = 0.54 V,
Jsc = 12.6 mA/cm?, and FF = 0.46. The absorber layers were prepared by annealing
the electrodeposited Cu—Zn—Sn precursors with sulfur in N, atmosphere. Farinella
et al. [146] reported the fabrication of quaternary Cu,ZnSnS, thin films on flexible
ITO substrates supported by polyethylene terephthalate (PET) by
co-electrodeposition of all elements from a sulfate solution potentiostatically.
Bhattacharya [147] electrodeposited multilayered Cu—-Sn—Zn metal films on
Mo/glass substrates. Cu and Zn thin films were prepared from aqueous solution,
and Sn was prepared from ionic liquid solvent. Cu/Sn/Zn stacked layers were
annealed in a tube furnace in elemental sulfur and selenium at 570 °C. The device
efficiency of such electrodeposited CZTSS thin film was 3.6 % with a
Voc=0.54V, J5c =169 mA/cm?, and FF = 0.40. Higher-performance Cu,ZnSnS,
photovoltaic devices were fabricated by Ahmed et al. [138] using stacked elec-
trodeposited Cu/Zn/Sn or Cu/Sn/Zn layers. The stacked layers were first annealed at
low temperature (210-350 °C) in an N, environment in order to produce homo-
geneous (Cu, Zn) and (Cu, Sn) alloys and subsequently annealed at 550-590 °C in
a sulfur atmosphere for 5-15 min. The electrodeposited device (Fig. 2.27) showed a
power conversion efficiency of 7.3 %, with open-circuit voltage (Voc = 567 mV),
photocurrent (Jsc = 22 mA cm_2), and the fill factor (FF = 58.1 %).

2.7.2.5 Monograin Layer Cell

Recently, a new type of device structure known as monograin layer (MGL) solar
cell has emerged as a potential alternative to realize low-cost large-area
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Fig. 2.27 a [-V characteristics of electrodeposited CZTS solar cell under dark (black) and 1 sun
(lines 1, 2, and 3) illumination for a champion CZTS cell, showing efficiencies of 7.3, 6.74, and
6.86 %, respectively. b The quantum efficiency (QE) curve. LIV and dIV mean light and dark
current-voltage curve, respectively [138]

photovoltaic devices [83, 148—150]. In this method, monocrystalline granular
powders of the absorber material are embedded in an epoxy layer for the absorber
layer fabrication. Each monocrystalline particle makes an islanded junction with the
top CdS layer to form the effective heterojunction. The schematic of the MGL cell
structure is depicted in Fig. 2.28a.

The monocrystalline powders are usually produced by recrystallization of binary
chalcogenides: CuS(Se), ZnS(Se), and SnS(Se) in an evacuated quartz ampoule at
high temperature. This device structure offers several advantages including simple
and low-cost fabrication process and allows the possibility of flexible solar cells to
be fabricated without degradation of the absorber layer due to mechanical stress
retaining the superior optoelectronic properties of the single-crystalline absorber.
Researchers at Tallinn University have pioneered this technology and prepared
Cu,ZnSn(Se;—,S,)4 solar cells with varying S/Se ratios. The best cell showed an
open-circuit voltage of 622 mV, short-circuit current density of 15.87 mA/cm?, and
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Fig. 2.28 a Schematic of a monograin layer (MGL) solar cell structure [149] and b quantum
efficiencies of MGL cells with varying S/Se ratios [148]
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fill factor of 60 %, leading to an efficiency of 5.9 % with absorber layer containing
75 mol% of sulfur and 25 mol% of Se [148]. The quantum efficiencies of solar cells
with different S/Se compositions are shown in Fig. 2.28b.
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